A set of nanocomposite film materials based on bacterial cellulose containing nanoparticles of cerium dioxide was prepared. An investigation into the structural and morphological characteristics of the films has been performed, their thermal, mechanical and tribological properties were determined. A protocol of the nanocomposite materials formation used in the work was shown to provide a homogeneous distribution of ceria nanoparticles in the matrix polymer volume in addition to the presence of certain amount of broadly size-dispersed cerium oxide aggregates in the bulk film. The increase of nanoparticles concentration in the composite provokes a progressive growth of the Young's modulus and strength of the film material. Introduction of nanoparticles into the polymer causes the stabilization of sliding friction processes in the tribocontact with steel as well as the decrease of intensity in the wear rate of the film. An increase of the nanoparticles concentration results in a decrease of the material thermal stability.
Introduction
In recent years, so-called natural or "green" polymeric materials, especially cellulose and its derivatives, have attracted much attention from researchers [1] . Materials based on bacterial cellulose (BC) are of special interest [2] . These materials are the products of life activity of Acetobacter bacteria in the nutrient solutions. This type of cellulose is a material of high purity with an enhanced complex of properties [3] [4] [5] [6] against those of cellulose of other types.
Interesting prospects are associated with processing of different BC-based compositions filled with inorganic and organic components [7] [8] [9] [10] , in particular, with various nanoparticles. This approach is widely used for obtaining new materials based on a variety of polymers.
At present, nanoscale fillers are commonly used for modification of the properties of polymeric materials. Oxide nanoparticles are among the most promising. A number of properties of matrix polymer materials can be substantially improved by the introduction of these nanoparticles, namely, the mechanical characteristics, electrical and transport properties, etc. [11] [12] [13] [14] . Using metal oxide nanoparticles as an active filler of BC, one can obtain a deep variation the complex of the cellulosic material properties.
One promising group of oxide nanofillers, which draws attention of researchers, is ceria nanoparticles. By using them, one can obtain polymer-based composite materials demonstrating the effect of screening of electromagnetic irradiation, possessing catalytic activity, new materials with modified acoustic characteristics, and bioactive materials [15] [16] [17] [18] [19] [20] . Of especial interest are ceria-containing nanocomposites based on BC, particularly as the materials for biomedical applications. In the context of interesting potential possibilities of practical application of such materials, it is sensible to comprehensively characterize them, both per se and in juxtaposition with their unmodified polymer matrices.
In the present communication, we present and analyze systematic information on the effect of cerium dioxide nanoparticles on the complex of properties of the film materials based on BC.
Experimental
BC or so-called Acetobacter xylinum was grown by using VKM-880 strain in aqueous solutions containing 2 wt. % of glucose, 0.3 wt. % of yeast extract and 2 wt. % of ethanol at 30
• C in cylindrical glass vessels for 14 -21 days as described in detail in [21] . The as-prepared BC samples being gel-like pellicles with up to 25 mm thickness were partially dehydrated by pressing on a hand press, BC content in the pressed BC being about 14 wt. %.
To obtain both the BC and nanocomposite films, the pressed BC was disintegrated in a high-speed blender (15000 rpm, 15 min) in aqueous media (300 ml of water per 1 g of dry BC). In the case of nanocomposites, definite amounts of aqueous dispersion of cerium dioxide nanoparticles (ceria concentration -1.5 wt.%) were poured into the preliminary prepared BC aqueous suspension, and then, the mixtures obtained were homogenized in a blender (15000 rpm, 1 min). In both cases, layers of equal thickness of resulting homogeneous suspensions were formed on a glass substrates and dried to constant weight at 160
• C. The final concentrations of CeO 2 nanoparticles in the samples were 0, 1, 3, 5, and 10 wt. %. Cerium dioxide nanoparticles with sizes ∼ 3.5 nm used in our experiments were synthesized by hydrothermal method [22] .
XDR analysis of BC and composite films was carried out by X-ray diffractometer DRON-3M (CuKα-irradiation). The registration of X-ray beam diffraction was performed according to the Bragg-Brentano scheme [23] .
SEM micrographs of films' surfaces were obtained by scanning electron microscope SUPRA-55VP (Carl Zeiss, Germany) using a secondary electron detector as well as a detector of back-scattered electrons. The samples were fixed with special glue on the microscope holders and sputtered by thin layer of platinum. Maps of the elements distribution were collected using a detector of energy dispersive X-ray analysis X-max 80 mm 2 (Oxford Instruments, United Kingdom).
Thermogravimetric analysis (TGA) of BC and composite samples was performed using a DTG-60 thermal analyser (Shimadzu, Japan). Specimens (∼ 5 mg) were heated in air up to 600
• C with the rate of 5
• C /min. The TGA curves obtained were used to determine the thermal stability indices of the materials under study, τ 5 and τ 10 (the temperature values at which a polymer or a composite loses 5 % and 10 % of its initial weight, respectively, due to the thermal destruction processes).
The mechanical tests of the films under investigation were carried out in the uniaxial extension mode at room temperature using an AG-100kNX Plus universal mechanical test system (Shimadzu, Japan). Strip-like samples 2 × 30 mm were stretched at a rate of 10 mm/min, according to ASTM D638 requirements. The Young's modulus E, the break stress σ b and the ultimate deformation ε b were determined.
Tribological characteristics of the films (friction coefficients and wear rates) were studied by an AG-100kNX Plus universal mechanical test system (Shimadzu, Japan) with a tribological tests accessory [24] in the dry friction mode at room temperature. The speed of linear shuttle motion of the counterbodies against the polymer surfaces was as high as 1000 mm/min.
Results and discussion
First, it should be noted, that the aforementioned technique provides a means for obtaining dense homogeneous films. XRD analysis of their compositions has demonstrated the presence of CeO 2 inclusions ( Fig. 1 ): X-ray diffraction patterns of the composite films contain the reflexes corresponding to BC and those at 2Θ = 28.5, 33.7 and 47.4 deg., corresponding to cubic phase of crystalline CeO 2 . The intensity of these reflexes increases along with the increase of the nanoparticles concentration in the cellulose matrix. A considerable broadening of the reflexes in comparison with those in the diffractogram of pure cerium dioxide ( Fig. 1 , curve 4) points out the very small dimensions of domains of the composite material in which the diffraction takes place.
The microscopic images of the studied samples are presented in Fig. 2 . Fig. 2 (a) presents the nanoparticles of CeO 2 . One can see that in a dried state this material consists of broad aggregates of individual ceria nanoparticles. This tendency to the agglomeration processes is inherent to this nanofiller. So some special cares were provided during the formation of the nanocomposite films to insure the distribution of ceria in the BC volume as uniform as possible (see the "Materials and methods' section).
A sample of pure bacterial cellulose ( Fig. 1(b) ) consists of fibrils with a diameter of 30 nm. The samples filled with CeO 2 nanoparticles (Fig.1 c-e) were studied using a back-scattered electron detector capable of detecting the so-called Z-contrast having an atomic-number (Z) sensitive nature, i.e. the higher the atomic number of the element, the brighter it appears in the microscopic image. In this particular case, CeO 2 particles should look FIG. 1. Diffractograms of the films: BC (1), nanocomposites with 3 and 10 wt. %, (2 and 3, respectively); X-ray diffraction pattern of crystalline cerium dioxide, cubic phase (4) most bright. This figure clearly shows that CeO 2 nanoparticles are not well-dispersed in the matrix of bacterial cellulose. CeO 2 aggregates of various sizes are observed. In this case, we can conclude that the higher the content of nanofiller particles in the composite material, the larger the sizes of the detected CeO 2 aggregates.
The following figure (Fig. 3) shows the results of energy dispersive X-ray analysis (EDX) of the nanocomposite films tested (Fig. 3(c, e, g) ). This research method allows one to collect maps of the elements distribution. All the EDX data obtained clearly revealed the presence of cerium (indicated in yellow) in the test samples on the same parts of the samples, which are also shown in SEM micrographs on the left side (Fig. 3(b, d, f) ). Moreover, its content corresponds to the calculated one.
The obtained cerium distribution maps for different samples confirm the SEM results discussed above, i.e. the higher the content of introduced CeO 2 nanoparticles, the higher the probability of detecting large agglomerates containing cerium. At the same time, there is a certain proportion of nanoparticles that is uniformly distributed in the samples.
Cerium dioxide is known to act as a catalyst in the destructive processes of organic compounds and to significantly affect the redox processes in the latter [25] . It was interesting to verify the effect of CeO 2 nanofiller on the thermal destruction of BC in the air atmosphere. The curves of BC and BC-CeO 2 nanocomposite films weight losses vs. temperature in the said conditions are shown in Fig. 4 . The TGA curves obtained are typical for cellulose thermal destruction. The first region of weight losses (2 -2.5 wt. %) observed at temperatures up to 100
• C is related to evaporation of water and low-molecular compounds, which are adsorbed on the cellulose surface. At temperatures 190 -350
• C (depending on CeO 2 content) all of the samples undergo thermo-oxidative decomposition. Finally, at the terminal phase (at the highest temperatures) the carbonaceous residue interacts with atmospheric oxygen bringing to formation of CO and CO 2 . As a result, an organic part of the sample was completely destroyed in the oxidative atmosphere (coke residue weigh is 0). The analysis of TGA curves reveals that the doping of BC matrix with CeO 2 nanoparticles as well as increasing of their content leads to a gradual temperature decrease of all of the aforementioned processes. This, obviously, confirms a noticeable catalytic activity of nano-sized cerium dioxide in the thermal oxidative destruction of cellulose. Indeed, embedment of these nanoparticles in concentrations 5 and 10 wt. % results in a decrease in thermal stability index, τ 5 , by 29 and 45 degrees, respectively (See Table 1 ).
The results of mechanical tests of the films (Table 2 ) demonstrate an increase in stiffness of matrix polymer upon introduction of CeO 2 nanoparticles therein. Due to the hyperbranched system of hydrogen bonds, BC is a quite rigid, high-modulus polymer material [26] . In our study, we have observed a gradual augment of Young's moduli of the films as CeO 2 content was increased (Table 2 ). In fact, Young's moduli of the nanocomposite films with 5 and 10 wt. % of cerium dioxide are increased 1.25 and 1.63 fold, relative to that of a pristine BC film. A simultaneous increase of material tensile strength was also registered. On the other hand the composite film with even the highest concentration of CeO 2 nanoparticles exhibits no deterioration of elongation at break value. The latter fact is quite interesting given that a wide range of polymers show the opposite behavior when doped with nanoparticles [27] . The significant increase in the material stiffness that we recorded, caused by the introduction of cerium dioxide into the polymer matrix, can hardly be explained by the well-known physical effect of reinforcement observed when nanoparticles such as carbon nanotubes, nanofibers, and graphene are introduced into different polymeric materials [27] . Indeed, unlike all the said and a number of other nanoscale fillers, characterized by a pronounced geometrical anisotropy with high aspect ratio values, cerium dioxide nanoparticles have a spherical or quasi-spherical shape, that is, they are characterized by an aspect ratio close to 1. With the introduction of fillers of such types with poor aspect ratios into the bulk of the polymer material, reinforcement effects can be expected at their much higher concentrations than those implemented in the composites we studied [28] .
It should be assumed that the introduction of cerium dioxide in BC leads to profound changes in the structure of the intermolecular bonds in this material, to a steady increase in their number (as the concentration of nanoparticles increases). This effect can explain the changes in the stiffness and strength of the material, observed when cerium dioxide is introduced into the BC.
Such behavior of nanocomposite material can find room in a number of practical uses, e.g., for the tailoring of various materials for biomedical applications, primarily for materials for surgery, to which the presence of cerium oxide in BC will procure bactericidal properties and enhance healing of lesions [29, 30] .
Another mode of work of polymeric materials under the long-term action of mechanical stresses, which is interesting and important from the viewpoint of the possible practical use of the materials, is their behavior in the friction couples, for example in the couples with metals. Lately a potential possibility of the polymer materials to be used as components of the friction units became the subject of close interest of the researchers. Albeit, in general, the nanosized fillers can improve the tribologic properties of different polymer materials [31, 32] , ceria particles are known to be widely used as abrasive materials [33, 34] . In line with this circumstance we have tackled clarifying the effect of the ceria nanoparticles on the tribologic behavior of the BC films in the friction couple with the stainless steel.
At the first stage of these experiments, we have determined the k value of the matrix BC in the couple with steel (Fig. 5) . The results obtained are typical for cellulose materials -∼ 0.36 -0.42 depending upon the normal load F z . (1) BC/steel and (2) BC-ceria/steel couples. The ceria concentration is 3 wt. %, the mean normal pressure -10 MPa
FIG. 5. Friction curves of
The experiments carried out at the next step of the investigation (Fig. 5 ) have shown that introduction of ceria nanoparticles into the polymer at a concentration of 3 wt. % does not provoke any significant change of the polymer/steel friction coefficient: the k value of the composite film is 0.391, while that of the unfilled polymer film -0.407 (at the mean value of normal stress 10 MPa). However, another positive effect of the ceria nanoparticles introduction was observed: the friction process becomes more stable against that in the BC/steel friction couple (Fig. 5) , practically no noticeable changes or fluctuations, no wobbles in the k value were registered during the friction experiment.
A more pronounced positive effect of the ceria introduction into the polymer, registered in the tribologic tests, is a decrease of the wear rate of the nanocomposite material as compared to that of the unfilled BC film. The mass wear rate W was determined as:
where ∆m denotes the mass loss during the test, L is the running distance during the test, ρ -the density of the polymer tested, and F z -the normal contact load. The W value of unfilled BC film was found to be as high as 4 × 10 −3 mm 3 /Nm (the average roughness Ra of the steel surface was about 1.0 µm). The BC-ceria nanocomposite film is characterized by a substantial depression of the wear rate down to 7 × 10 −4 mm 3 /Nm. This positive effect can be attributed to stabilization of the friction process provided by the nanoparticles inserted in the BC volume (Fig. 5) .
Conclusions
The protocol of film formation from mixtures of aqueous suspensions of disintegrated BC and ceria nanoparticles elaborated in the present work provides an algorithm of preparation of the stiff and non-brittle nanocomposite films. During the film preparation a partial aggregation of ceria takes place, the phenomenon presumably occurring at the stage of the film drying. In accordance with the data obtained in the XRD and SEM examinations of the films, a substantial portion of the ceria nanoparticles is distributed uniformly in the volume of the material. This situation takes place up to the maximal concentration of ceria used in our work: 10 wt. %.
The mechanical tests of the films demonstrate the progressive increase of both the Young's modulus and the ultimate stress values along with the increase of the nanofiller's concentration in the material without any depression of the ultimate deformation. These facts indicate possible formation of certain system of interactions between BC macrochains and ceria nanoparticles in the nanocomposite materials obtained.
The tribologic tests of both BC and composite films in the friction couples with steel have given evidence for the substantial stabilization of the friction process caused by introduction of ceria into BC bulk along with the significant decrease of the mass wear rate of the material.
A substantial successive decrease of the thermal stability of the films provoked by the increase in the ceria concentration was registered in the thermogravimetric tests in air, the fact testifying catalytic action of ceria during thermo-oxidative destruction of BC. However, this specific feature of the nanocomposite materials studied does not appear to be a hindrance for the practical use of these materials in the biomedical applications.
